DNA replication is tightly regulated at the initiation step by both the cell cycle machinery and checkpoint pathways. Here, we discuss recent advances in understanding how replication is initiated in metazoans at the correct chromosome positions, at the appropriate time, and only once per cell cycle.
Introduction
The discovery that DNA has a base-paired double-helical structure was a landmark in 20th century biology because it suggested an obvious mechanism for how genetic information is replicated and transmitted to daughter cells. Since then, the basic proteins involved in DNA replication, such as DNA polymerases and helicases, have been discovered and extensively studied. Now we are beginning to reveal the mechanisms by which DNA replication is initiated at particular positions on chromosomes, called origins, and to determine why replication occurs only during S phase and how overreplication of the genome is avoided. Although yeast have been the frequent subject of study in eukaryotic DNA replication, DNA replication in metazoans is not identical to that in yeast and in fact has a number of unique characteristics. These differences may relate to cellular differentiation and to the formation of tumors when DNA replication goes awry. Thus, our primary aim in this review is to focus on recent findings in replication initiation in eukaryotes while emphasizing the components and events that are specific to metazoans. ORC, Cdc6, and Cdt1 load MCM2-7 helicase complexes on chromatin in late M phase. In S phase, the action of two kinases, Cdc7 and Cdk2, triggers loading of Cdc45 and GINS onto origins, leading to activation of MCM2-7 and replication initiation. TopBP1 is loaded in an ORC-dependent manner and is required for Cdk2 to trigger origin firing. The Cdk2 target, shown as a black box, has not been reported in metazoans. RecQL4 is loaded in an MCM2-7-dependent manner and is required for DNA unwinding or loading of RPA. DNA polymerase α is recruited to single-stranded DNA and initiates DNA synthesis. We speculate that GINS might promote the loading of Pol⑀.
Loading the Helicase onto Chromatin at Origins of Replication
ter, 2004), indicating that Cdc45 is required for both activation of MCM2-7 on origins and chromosome unwinding at the replication forks. Consistent with the idea that Cdc45 is a helicase cofactor, helicase activity was associated with Cdc45 immunoprecipitates from Xenopus egg extracts (Masuda et al., 2003) .
Although most data support the MCM2-7 activation model, there are some observations that suggest that MCM2-7 is derepressed at the transition from G1 to S phase. Mcm7 interacts with a tumor suppressor protein, pRB, in a yeast two-hybrid assay (Sterner et al., 1998) . This interaction has a negative effect on DNA replication in Xenopus egg extracts. In yeast, phosphorylation of the initiation factor Sld2/ Drc1 stimulates its binding to Dpb11/Cut5. The metazoan homolog of Dpb11/Cut5, TopBP1, is required for Cdk2 to stimulate replication in Xenopus egg extracts (Hashimoto and Takisawa, 2003), suggesting that either TopBP1 is a target of Cdk2 or that it is required for loading an unidentified Cdk2 target protein on origins (Figure 1 ). In yeast, Sld5 was originally identified as a synthetic lethal gene with Dpb11/Cut5 (TopBP1). Sld5 is one component of a ring-shaped complex, GINS, that is loaded onto origins with Cdc45 in a mutually dependent manner (Kubota et al., 2003). Because TopBP1 interacts with the DNA polymerase, pol⑀, TopBP1 and GINS (containing Sld5) might cooperate in loading pol⑀ onto origins to promote formation of an active replication fork. We suspect that additional factors important for this step remain to be identified in both metazoans and yeast, because the conversion of the pre-RC to an active replication fork is a very dynamic area of inquiry.
Restricting DNA Replication to Once per Cell Cycle
The key mechanism employed to ensure that chromosomes are replicated once and only once per cell cycle is separation of pre-RC formation and replication initiation into mutually exclusive phases in the cell cycle (G1 and S, respectively). MCM2-7 remains inactive in G1 phase, and once DNA replication is initiated following MCM2-7 activation, no additional MCM2-7 complexes Cdk-dependent suppression of pre-RC formation is a major (and perhaps only) mechanism for preventing rereplication in yeast. Even in metazoans, phosphorylation of components of pre-RCs by Cdks has a negative effect on pre-RC formation. For example, Xenopus Mcm4 loses its chromatin loading ability after phosphorylation by Cdk. Cdk causes nuclear export of excess Cdc6 protein in human cells. SCF(Skp2) is an E3 ubiquitin ligase that regulates cell cycle progression by destabilizing cell cycle regulators such as a Cdk inhibitor, p27. Skp2 binds to the substrates when the substrates are phosphorylated. Several groups reported that Cdk-mediated phosphorylation of Cdt1, the component of pre-RC involved in loading MCM2-7, triggers its ubiquitination by SCF(Skp2) and degradation by the proteasome. Human Orc1, the ATPase subunit of ORC, is also ubiquitinated by SCF(Skp2) and degraded in S phase, although it is not known whether this is Cdk2-dependent. Therefore, at least two pre-RC components are destabilized by the combined action of Cdk2 and SCF(Skp2).
Ever since its discovery as an anaphase-promoting complex (APC) substrate with an inhibitory activity on pre-RC formation, geminin has emerged as a key regulator of metazoan replication. Geminin is conserved from the worm Caenorhabditis elegans to humans, but homologs have not been reported in yeast. Geminin is destabilized during G1 phase and accumulates during S, G2, and M phases of the cell cycle. At the metaphase-to-anaphase transition, geminin is ubiquitinated by APC and degraded by the proteasomes to allow pre-RC formation in G1 phase. Geminin binds to Cdt1 and inhibits loading of MCM2-7 onto chromatin.
How does the geminin-Cdt1 interaction inhibit MCM2-7 loading? Geminin is detected in the chromatin fraction in a Cdt1-dependent manner when added to Xenopus egg extracts. Therefore, it appears to directly inhibit Cdt1 function at origins. Geminin inhibits Cdt1 Geminin dimerizes through its coiled-coil domain in the central region ( Figure 3A) . Several amino acid residues including four leucines and isoleucines mediate dimerization. Geminin bearing mutations in these residues can no longer dimerize and, importantly, it loses its ability to interact with Cdt1 and inhibit pre-RC formation. The two subunits of the coiled-coil domain together provide a binding interface for a single molecule of Cdt1. The surface of the coiled-coil domain has an array of glutamic acid residues that provides negative charges for the Cdt1 interaction ( Figure 3B ). Eighteen amino acids in the central region of Cdt1 were necessary and sufficient for interaction with geminin ( Figure  3A Replication-dependent origin inactivation is a relatively new concept. The degradation of Cdt1 during replication in Xenopus egg extracts is coupled specifically to DNA synthesis but not initiation because it is blocked by a DNA polymerase inhibitor, aphidicolin (Arias and Walter, 2005). A similar degradation mechanism was also reported in humans (Takeda et al., 2005) . Therefore, two different mechanisms degrade metazoan Cdt1 in S phase: Skp2-dependent degradation triggered by Cdk, and Skp2-independent degradation triggered by replication. The portions of Cdt1 required for these degradation modes are different. Skp2-dependent degradation requires a cyclin binding motif and a Cdk2 phosphorylation site whereas Skp2-independent (replication-dependent) degradation requires the N terminus of Cdt1 ( Figure 3A) . The ubiquitin ligase involved in the Skp2-independent mechanism remains unknown, but Cul4 may be involved, because in C. elegans a Cul4-containing ligase is involved in Cdt1 degradation during S phase. In vertebrates, Cul4 has been implicated only in DNA-damage-induced degradation of Cdt1. Interestingly, the Skp2-independent degradation of Cdt1 is required for normal progression of S phase ( The probability that any given site will efficiently attract an initiation complex will depend upon whether it finds itself in a permissive environment. Thus, in a euchromatic chromatin domain, the overall architecture would be permissive, allowing a non-transcribed (intergenic) region to initiate with more or less efficiency, whereas sites within an active transcription unit, in the same euchromatic domain, would not. Non-permissive heterochromatic regions and/or active transcription units may therefore be replicated passively from active upstream or downstream origins before they fire their own origins.
In this general model, lengthy intergenic spacers such as DHFR correspond to broad initiation zones because they contain many degenerate replicators. Conversely, very narrow intergenic spacers might isolate only one or a few active initiation sites (as in the lamin B2 and human β-globin loci). In fact, the one or two sites that are found in narrow spacers may have evolved particularly high affinities for the initiation complex to ensure that they are activated in every cell cycle.
It is already clear that there are no recognizable consensus sequences among the known origins except for the presence of neighboring AT-rich elements and DNA unwinding elements [reviewed in (Gilbert, 2004) ., 2004 ). This process does not require active transcription, but the histones around the transcription complex are acetylated, suggesting that changes in chromatin structure by transcription complexes nucleate origins. Intriguingly, origin specification was not at the level of ORC binding, because ORC was not enriched at origins in this experiment. Thus, origin specification by histone acetylation might occur after ORC binding. Consistent with this, the origin decision point, the time at which origins become delimited and specific, is in mid-G1, whereas ORC binds to chromatin much earlier (Okuno et al., 2001 ). Intersecting genome-wide analysis of histone modifications, ORC binding sites and actual origins will be required to determine the interplay between histone modifications and ORC binding in the specification of origins (MacAlpine et al., 2004) .
In addition to histone modifications, nucleosome repositioning is involved in general chromatin remodeling events. One of the ATP-dependent chromatin remodeling complexes, ACF1-SNF2h, is localized to pericentromeric heterochromatin during its replication in late S phase (Collins et al., 2002) . Cells depleted of ACF1 delay progression of replication in late S phase, indicating that ACF1-SNF2h is required for DNA replication at heterochromatin. The replication defect of ACF1-depleted cells was rescued by 5-aza-2-deoxycytidine treatments, which causes decondensation of heterochromatin by inhibition of DNA methylation. Therefore, it seems ACF1-SNF2h remodel heterochromatin for replication. Although it is not known whether SNF2h plays a role in chromatin remodeling at replication origins or forks, it is worth noting that SNF2h is also recruited to remodel chromatin at the Epstein-Barr virus origin where host cell initiation machinery is utilized (Zhou et al., 2005) .
Although open chromatin is generally associated with early replication in both metazoans and yeast, it would be overreaching to draw definitive comparisons between the two groups because the molecules and enzymes involved have not been worked out in sufficient detail. In S. cerevisiae, molecules equivalent to ACF1-SNF2h or HBO1 have not been implicated in replication initiation, but the nucleosome rearrangement around an origin by ORC has been shown to facilitate pre-RC formation (Lipford and Bell, 2001 ). Considering that metazoan ORC does not have a specific DNA binding sequence, a similar role of ORC-dependent nucleosome rearrangement in pre-RC formation may have been missed in metazoans up to now. In addition, a histone acetyl transferase of the MYST family, Sas2, has been genetically linked to ORC, although it is not clear yet whether it plays a role in regulating replication initiation (Ehrenhofer-Murray et al., 1997). These viruses could not easily evolve resistance to a drug designed to target the replication step. As a potential complication, the drug would need to limit virus replication at concentrations that allow host cell chromosomal replication. However, Geminin provides a good model for such a drug because overexpression of wild-type geminin does not affect host cell replication but does affect virus origin replication (Wohlschlegel et al., 2002) . As seen with geminin, structural studies on replication initiator proteins should give new insights into the basic mechanism of DNA replication and may provide new targets for drug development.
Replication Timing
Although much has been learned about replication initiation from studies in yeast, parallel studies in metazoans reveal sufficient similarities and dissimilarities in the process to encourage the continued pursuit of replication initiation in all species. Last year, we witnessed the first landmark in 21 st century biology, the completed sequence of the human genome. The advent of genome tiling array technology will likely provide an additional boost to our understanding of replication initiation in mammalian cells, allowing us to correlate the replication dynamics of human chromosomes with other features such as DNase hypersensitive sites, chromosome domains, translocation and amplification breakpoints, fragile sites, recombination hot-spots, and other aspects of chromosome biology directly relevant to human disease. 
